We describe the results of in-vivo trials of a portable fiber Bragg grating based temperature profile monitoring system. The probe incorporates five Bragg gratings along a single fiber and prevents the gratings from being strained. Illumination is provided by a superluminescent diode, and a miniature CCD based spectrometer is used for demultiplexing. The CCD signal is read into a portable computer through a small A/D interface; the computer then calculates the positions of the center wavelengths of the Bragg gratings, providing a resolution of 0.2°C. Tests were carried out on rabbits undergoing hyperthermia treatment of the kidney and liver via inductive heating of metallic implants and comparison was made with a commercial Fluoroptic thermometry system.
Introduction
Recently, there has been an increased interest in thermal therapies and methods and a growing diversity in their applications in many specialist areas of medicine and dentistry. In many cases, techniques have been developed for ablating tissue using physical agents such as radio frequency ͑rf͒ currents, microwaves, lasers, and ultrasound to induce temperatures several tens of°C above the normal body level for periods of a few seconds to tens of seconds. In other cases, the required temperature increases are more modest and treatment temperatures of 40-50°C are required for periods of several minutes to an hour.
Sample applications include transcatheter rf ablation of cardiac tissue, 1 rf ablation as a treatment for menorrhagia, a common problem comprising approximately 20% of outpatient referrals to gynaecological departments, 2,3 treatment of vascular disease using the technique of thermally mediated balloon angioplasty, 4,5 treatments of prostate disease. 6, 7 Furthermore, the addition of hyperthermal treatment to radiotherapy or chemotherapy in the treatment of breast cancer, melanoma, and some inoperable tumours of the rectum, bladder, and cervix has been shown to increase response rates significantly. [8] [9] [10] There is also a need for thermometry in techniques involving laser-and microwave-induced heating in dental processing. 11, 12 A common feature of all thermal therapies and procedures is the need for temperature measurement to ensure safe and effective practices. [13] [14] [15] [16] [17] [18] [19] [20] In most cases, the provision of accurate thermometry is a demanding problem. In view of the invasive procedures involved, temperature probes should be as small as possible to minimize patient trauma and ideally should provide temperature information from many points along their length. Small sensors also have the advantage of short response times. In addition, measurements are often made in an environment of high electric field or ultrasonic pressure field in which temperature gradients of tens of°C/cm exist. If artefacts are to be minimized, it is desirable that probes should be nonmetallic ͑to minimize interaction with electromagnetic fields and to reduce thermal conduction along the probe͒.
The use of thermocouples, thermistors, and optical thermometry systems during thermal treatments and procedures has been reported. There are many problems with conventional metallic sensors in the presence of electromagnetic fields, while optical thermometers commercially available for medical purposes are expensive and provide very few sensors. 21 For these reasons, we have been investigating the use of fiber Bragg gratings as medical temperature sensors. We have previously reported two signal processing systems that are able to recover the wavelength shifts associated with several gratings closely spaced along a single fiber. One uses interferometric wavelength shift detection 22 for measuring the shift, while a miniature monochromator permits wavelength demultiplexing of the gratings; 23 the other uses a scanned Fabry-Perot tuneable filter for both wavelength shift measurement and demultiplexing. 24 More recently, in an effort to reduce the potential cost of a temperature profiling system, we have been investigating the use of an alternative scheme using a CCD-based spectrometer to carry out demultiplexing and to track the wavelength shift of the Bragg gratings. 25, 26 This paper reports on the construction of a portable system using this approach and describes the results of our first in-vivo trials, undertaken at the Cancer Research Institute in Perth, Australia.
System Design
The system is illustrated schematically in Figure 1 . Light backreflected from the grating array is imaged by a spectrom-eter onto a linear CCD array. In this way, the peaks associated with each grating are physically separated on the CCD and the change in the Bragg wavelength may be deduced by monitoring the movement of the peaks over the CCD. The difficulty with this approach is that while the grating spectra are typically 0.2 nm in width, a resolution of 0.1°C demands monitoring the shift in the mean wavelength to around 1 pm, usually corresponding to a small fraction of the pixel-pixel separation on the CCD array. Thus some forms of curve fitting or centroid algorithm must be used to determine the center wavelength with great precision, but even then the system is very susceptible to errors caused, for example, by mechanical creep or thermal expansion. To counter this, a reference grating at constant temperature was included in the system and all peak positions on the CCD array are measured from that one.
A miniature monochromator (10ϫ15ϫ8 cm) was designed and constructed. This used a folded path geometry to minimize size and weight and provided a dispersion of around 15 nm across a Thomsen CSF TH8711 1728 element linear CCD array, that could be bolted to its side; see Figure 2 . A custom interface was constructed to link the raw CCD output to the parallel port of a laptop computer, the interface being controlled by a Visual BASIC program that read in the data from the CCD array and monitored the position of the spectral peaks corresponding to the Bragg gratings. To precisely lo-cate the peaks, the spectrum was divided up into a number of regions, each of which held just one grating. For each region, a fast Fourier transform of the sampled data was carried out yielding over 500 frequency components from which the first 15 were used to synthesize a low-pass-filtered version of the data. The peak of this synthesized function was obtained from the Fourier coefficients and used as the Bragg wavelength. This approach allowed the system to be used with a variety of peak shapes, resulting from nonuniform gratings as well as aberrations in the optical system.
The optical source was a 0.5 mW pigtailed superluminescent diode emitting around 830 nm and powered by an OEM diode power supply and temperature controller, which simply required connection to a 15 V laboratory PSU. The source was spliced to a coupler terminated with FC/PC connectors, which enabled easy assembly of the system and facilitated the attachment of different probes and reference gratings.
A key element of the system is the probe, which must prevent the fiber from being strained, protect against the possibility of the fiber being broken and left in the tissue and also permit good thermal contact with the surroundings. Our design for the probe is illustrated in Figure 3 . The fiber was glued into a length of standard 1 mm o.d. surgical catheter, the end of which had already been prepared by having ϳ1 mm length holes cut into it to correspond with the grating positions ͑to facilitate good thermal contact͒. The fiber was approximately 5 mm shorter than the catheter length and the end of the catheter was closed with glue; this gave the fiber plenty of room to move within the catheter to relieve strain. The probe used for the majority of the trials had five gratings of 1 mm length on a 5 mm pitch. A sample spectrum read from the CCD is shown in Figure 4 . The probe grating wavelengths as measured on an OSA at room temperature were 829.4, 830.9, 832.4, 833.9, and 835.4 nm and the reference grating was situated at 824.2 nm.
Laboratory Testing
Basic testing took place in the laboratory prior to the in-vivo trials. A typical calibration run for one grating is illustrated in Figure 6 , which shows fluctuations over a ten minute period, with an rms deviation about the mean value of 0.2°C. In order to get the performance illustrated in Figures 5  and 6 , it was necessary to ensure that the signal level on the CCD was close to ͑but not at͒ saturation. This was because the DAC in the interface unit only possessed 8-bit resolution. To obtain good signals from both reference and probe gratings, it was necessary to carefully position appropriate neutral density filters in the spectrometer attenuating the reference by a different amount to the probe.
The system as designed was portable enough to be carried in a hold-all as hand luggage on the flight from London to Perth. On arrival, the unit was tested and found to be operating normally. However, while preparing for the actual trials, an unforeseen problem was noticed. Following switch-on, there was a steady long term drift in the pixel readout that only stabilized after about an hour ͑see Figure 7͒ . This had not been seen during the initial testing in the UK as the unit was usually left switched on. Fortunately, the reading seemed to be stable after that time, but nonetheless during the trials, the data were referenced to a pixel reading taken with the probe in ice water immediately following ͑or preceding͒ the data run.
Three weeks prior to the visit, several rabbits had been implanted with pieces of VX2 carcinoma in the liver so that reasonable sized tumours were available for some of the tests.
Other tests were carried out on the healthy kidneys of these animals. The animals were initially anaesthetized and their organs exposed via a midline incision of the abdomen, enabling the inductive heating elements to be inserted in either the liver or kidney. Following the implantation of the temperature probe ͑often in conjunction with a reference probe from a Luxtron optical thermometer͒, the abdomen was sutured up to keep the organs at close to normal body temperature, prior to heating. In all cases, the animals were kept anaesthetised for the duration of the experiments and sacrificed immediately afterwards.
Part of the aim of the trial was to devise and test a suitable procedure for probe implantation; the following was found to be successful. The probe was initially inserted within a hypodermic needle and held in place with tape so that the probe end was several millimetres short of the needle end. The needle/probe was then inserted into the tissue and the needle withdrawn some distance along the fiber ͑out of the inductive field͒, leaving the probe in place. In practice, this procedure was quite straightforward. Following implantation, there was little resistance to the probe being moved in and out so it had to be held in place using tape. This lack of friction suggested that little axial stress would be communicated to the catheter, let alone the fiber inside. The implantation procedure is illustrated in Figure 8 .
In the first trial, a major problem was encountered in that the field from the large alternating currents used in the inductive heating system was picked up by the sensing system resulting in a large noise, which all but smothered the peaks seen on the trace of Figure 4 . We guessed that the most likely situation was that the field was being picked up by the interface electronics between the CCD unit, which in our system had to be close to the probe, and the computer. The problem was mainly solved by moving the interface and computer to the other side of the room and using long BNC leads to connect to the CCD array. In addition, software averaging over five scans was used to further reduce the noise to a level comparable with that in the benign laboratory environment while still permitting approximately a 1 Hz temperature acquisition rate.
Two other problems came to light during the course of the trials. The first was that several anomalous temperature readings were eventually attributed to the ice melting in the reference grating Dewar flask. This is not a serious problem, since in a fully engineered system, the reference grating might be held at constant temperature using a Peltier heat pump with a thermistor reference.
The second problem was more serious and indeed it was a surprise to us that we had not encountered it prior to the trials. Some-though not all-of the calibration runs turned out to be reproducibly nonlinear; see Figure 9 , for example. We now attribute this to the following effect. There will be a number of features of the spectrum illustrated in Figure 3 which are constant in position. These include any ripple on the source spectrum, variations in the responsivity of the individual CCD pixels and attenuation which varies with position due, for example, to dust on the neutral density filers or mirrors. This means that as a grating peak moves across the CCD due to a temperature change, the detailed shape of that peak will change. We are measuring very small shifts in the peak position (ϳ1/100 of the width͒, so any variation in the shape to which we are fitting is likely to affect the value returned as the center of the peak.
We surmise this effect is also responsible for the long term drift in the reading shown in Figure 7 . Here, the problem could be attributed to drift in the source spectrum due to heating following the switching on of the system. We are currently working on approaches to overcome these problems.
Several in-vivo experiments took place over a two-day period, which involved carrying out hyperthermia on both diseased livers and healthy kidneys. The FBG system reported temperature variations in line with those expected. Generally, it was not possible to draw quantitative conclusions concerning the accuracy of the data, as the background tissue temperature and heating varies with position in an unpredictable way. However, effort was made to locate a commercial Luxtron fluoroptic thermometer probe immediately adjacent to one of the FBG elements. The result of such a run is shown in Figure 10 . The data show the increase in temperature following the application of inductive heating and the decrease that follows cessation of that heating. No attempt was made here to compensate for nonlinear calibration of the sort described in Figure 9 , the FBG temperature was simply calculated from the mean gradient of its calibration curve along with the pixel reading corresponding to 0°C. In view of this, we feel that the correspondence is very good. The general heating and cooling cycles are clearly illustrated and the maximum deviation of 3°C can be attributed to a combination of the nonlinear response along with the fact that we had no way of checking exactly how close together were the two probes.
There were some data from particular gratings where the recovered temperature showed a greater offset than this. We feel the reason here may be due to a buildup of dried tissue within the probe element, which could act to couple the fiber to the sleeving and hence restore strain sensitivity. This effect could be eliminated, either by having disposable probes, or by improving the probe construction to remove the slots. 
Discussion
We feel that the trial was very beneficial for a number of reasons:
͑i͒ proof of the probe design being able to decouple the strain from the fiber; ͑ii͒ development and proof of a suitable procedure for probe insertion; ͑iii͒ proof that the system could function in the intense E.M. fields surrounding the hyperthermia unit; ͑iv͒ proof of the ability to provide data comparable to the established Luxtron system; ͑v͒ discovery of the non-linearities in the probe response described above.
We are currently working on means to improve the long term stability of the system and to remove or compensate for the nonlinear responses.
It is worth looking at two issues which are likely to affect the take up of this technology by the medical community: its comparative performance and its cost. The system is designed for applications where optical techniques offer the best ͑or only͒ solution, such as when intense electromagnetic fields are present; the case described in this paper is an obvious example. There are also many situations where thermometry must be carried out in a MRI machine. The Luxtron system mentioned earlier is probably currently the system of choice in the medical field, though it would also be possible to use interferometric techniques, such as an in-line fiber Fabry-Perot cavity. 27 While it is clear that the scheme described in this paper still needs more engineering development before it is suitable for routine use, and therefore it is clearly at a disadvantage with regard to the Luxtron system, we believe we have demonstrated that such development is likely to be successful. The key feature of the use of Bragg gratings is that it allows multipoint measurement along a single optical fiber, which is important when issues of patient comfort are considered. This is not possible for the Luxtron technology. In principle, with some form of coherence multiplexing it would be possible to use a concatenated series of fiber Fabry-Perot interferometers with different cavity spacings to provide the same information, but the signal processing would be more complex and the practical construction of the sensor would be rather tricky and probably not well suited to mass production.
Concerning the potential cost of one of our systems, we should split the discussion to cover separately the signal processing unit and the probe. We believe that with a 1 Hz update rate it would be possible to use an edge emitting lightemitting diode ͑LED͒ source. Commercial CCD-based spectrometer units are available with specifications suitable for this application. We estimate the total component cost ͑excluding PC͒ for a single unit to be around $4000. One should bear in mind that the cost could be reduced considerably in bulk.
The cost of a commercial probe is currently determined by the gratings themselves, however, there is every reason to hope that when the use of gratings really becomes widespread, the cost will fall dramatically. If the probe cost can be brought under $100, then it is likely to become feasible to make the probes disposable which is considered advantageous clinically.
Currently, the hyperthermia system used in this work is being scaled up to permit human trials and it is intended that an improved version of the temperature sensor should be available for use with that system.
